Two key features of climate variability in the North Atlantic sector are presented in [Fig. 1](#f1){ref-type="fig"}. One is the poleward progression of ocean heat in the North Atlantic Ocean ([Fig. 1a](#f1){ref-type="fig"}) predominantly carried by the North Atlantic Current (NAC) and its poleward extension, the Norwegian Atlantic Current (NwAC), representing the upper northern limb of the Atlantic meridional overturning circulation. The other is the maritime continental climate that results from northwestern Europe being immediately downwind of the ocean ([Fig. 1b](#f1){ref-type="fig"}). The strength of the prevailing westerly winds are commonly characterized by the North Atlantic Oscillation (NAO) index[@b1], which explains much of the shared interannual variability between the surface ocean and climate over land. It is not known how and to what extent the ocean and the atmosphere interact so that change in the ocean is reflected over land via the atmosphere[@b2][@b3][@b4][@b5][@b6][@b7].

While the NAO appears largely unpredictable beyond seasonal to interannual timescales[@b8], low-frequency variations in the ocean are believed to be a source of climate predictability. The poleward propagation of anomalous heat from the subpolar North Atlantic towards the Arctic Ocean[@b9][@b10][@b11][@b12][@b13][@b14][@b15] has, in particular, been suggested as a primary source of climate predictability[@b15][@b16][@b17][@b18], although the details of air-sea interaction in the manifested progression is a matter of debate[@b19][@b20][@b21][@b22][@b23][@b24]. Model studies have demonstrated some predictive skill on decadal time scales of temperature in the subpolar North Atlantic and of land surface air temperature over northwestern Europe[@b25][@b26][@b27][@b28][@b29][@b30]. Anomalous ocean heat in the North Atlantic also has a predictable impact on Arctic sea ice[@b17][@b18][@b31]. The source of predictive skill is rooted in ocean inertia, and more specifically related to poleward ocean heat transport[@b18][@b25][@b27][@b32][@b33][@b34]. The predictive skill and representation of mechanisms, however, differ widely among models[@b33][@b35][@b36]. To progress in understanding and in modelling predictable climate variability, it is therefore essential to provide observational benchmarks for climate predictability in the North Atlantic-Arctic region.

Here we establish that there exists in the instrumental record a robust statistical relation between poleward propagating ocean temperature anomalies along the NAC-NwAC pathway and northwestern European and Arctic climate variability (hereafter collectively referred to as 'northern climate'), and that it constitutes a framework for climate prediction, exemplified by predictions for Norwegian and British climate, and Arctic sea ice. The coherence between the atmosphere and the ocean is manifested in a common and dominant 14-year timescale of variability, and the predictive skill from oceanic variability identified herein thus differs from that often associated with basin-wide Atlantic multidecadal variability[@b29][@b30][@b37][@b38]. Our proposed prognostic framework thus details a key aspect of decadal climate predictability.

Results
=======

Observed ocean and climate variability
--------------------------------------

Previous studies have mainly considered the propagation of sea surface temperature (SST) anomalies, either along the Gulf Stream-NAC[@b16][@b39] or within the Nordic Seas[@b9][@b12][@b14]. There are, however, both observational and model based studies that attribute NwAC variance to the North Atlantic subpolar gyre region immediately upstream[@b10][@b11][@b13][@b15]. To assess the predictive potential of poleward propagating SST anomalies on northern climate, we therefore first determine to what extent anomalies are communicated by the NAC across the subpolar North Atlantic and through the Nordic Seas ([Fig. 1a](#f1){ref-type="fig"}). To track SST anomalies we have defined nine stations (St1--9; [Supplementary Table 1](#S1){ref-type="supplementary-material"}) along the NAC-NwAC pathway. The defined pathway is bounded in the south by the boundary between the subtropical and subpolar gyres (indicated by the time-mean zero sea-surface height contour; [Fig. 1a](#f1){ref-type="fig"}), as recent studies suggest limited inter-gyre exchange of SST anomalies[@b39].

Time series of winter-spring (December--May) SST anomalies show coherent interannual to decadal-scale variability ([Fig. 2a](#f2){ref-type="fig"}). There is significant lagged covariability between neighbouring stations, and generally between Norwegian Sea SST (St7) and upstream stations ([Fig. 3](#f3){ref-type="fig"}; [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}), that is, anomalies progress poleward from the subpolar North Atlantic to the Nordic Seas. Variability in Nordic Seas SST is thus related to SST changes upstream in the subpolar North Atlantic up to a decade in advance.

Considerable decadal-scale variability is also observed for surface air temperature (SAT) and precipitation over Norway, and in winter Arctic sea ice extent ([Fig. 2b](#f2){ref-type="fig"}; Methods section). Higher Norwegian Sea SST (St7 and St8) is associated with higher SAT and increased precipitation ([Fig. 2b](#f2){ref-type="fig"}; [Supplementary Tables 2--3](#S1){ref-type="supplementary-material"}), whereas reductions in sea ice extent lag increasing SST at St7 by 3 years. The lagged variance explained by an SST anomaly propagating northwards through the North Atlantic, combined with the strong covariability between SST and northern climate indices ([Fig. 2](#f2){ref-type="fig"}), constitute realizable potential for climate prediction.

Atmosphere-ocean covariability
------------------------------

More general evidence of coherent atmosphere-ocean variability, including a predictive potential, is the common and pronounced 8 and 14-year spectral peaks in both SST and SAT ([Fig. 2c,d](#f2){ref-type="fig"}; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}). There are also distinct but non-significant peaks in precipitation at the same periods (not shown). The sub-decadal 8-year peak is also shared by the NAO ([Fig. 2e](#f2){ref-type="fig"}; ref. [@b40]). The interdecadal 14-year timescale is consistent with that previously identified for observed atmosphere-ocean variability in the subpolar North Atlantic[@b3][@b16][@b21][@b40] and the Nordic Seas[@b15]. Interdecadal variability has also been reported for central England temperatures[@b41] and Arctic sea ice[@b42], the latter associated with poleward propagation of temperature anomalies. To focus on multi-annual climate variations, and their predictability, the time series are hereafter 5-year low-pass filtered (Methods section). We note that correlations are also significant and time lags are similar for unfiltered data ([Fig. 3](#f3){ref-type="fig"}; [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}; [Supplementary Tables 2--3](#S1){ref-type="supplementary-material"}), and, hence, are not an artefact of the temporal smoothing.

The covariability between temperatures over ocean and land could result from several different mechanisms. Since northwestern Europe is immediately downwind of the ocean, the impact of variable ocean temperatures can be communicated by the prevailing westerly winds consistent with the common 14-year spectral peak ([Fig. 2c,d](#f2){ref-type="fig"}) that is not shared by the NAO ([Fig. 2e](#f2){ref-type="fig"}). SAT anomalies associated with variable Norwegian Sea SST are largest over Scandinavia, immediately downwind of the Norwegian Sea ([Fig. 4a](#f4){ref-type="fig"}). Significant positive precipitation anomalies---5% of the annual mean value (per SST standard deviation)---are also found in the area downwind of St7 (not shown).

The observed covariability between SST and SAT may also relate to variable atmospheric circulation influencing both ocean and land. The sea-level pressure (SLP) pattern associated with variations in Norwegian Sea SST, with an anomalous low pressure north of Iceland and a high-pressure anomaly extending from the northeast Atlantic Ocean across western and southern Europe ([Fig. 4c](#f4){ref-type="fig"}), resembles in part a positive state of the NAO[@b1] which suggests atmospheric circulation changes and a strengthening of the westerly winds.

For Norwegian SAT and precipitation the correlation with the NAO is *r*=0.61 and *r*=0.60, respectively. However, the high covariability between SST and, respectively, SAT (*r*=0.70) and precipitation (*r*=0.46), and the more modest correlation between the NAO and Nordic Seas SST (St7; *r*=0.22) are evidence that climate impacts associated with regional SST anomalies are complementary to those of the NAO, as also recently inferred from an observation-based analysis of atmosphere-ocean variability in the northern Nordic Seas[@b6]. This is corroborated by the persistent influence of Norwegian Sea SST on SAT when only considering the SST signal uncorrelated with NAO ([Fig. 4b](#f4){ref-type="fig"}). The latter is also true if the NAO index is replaced with a SLP index based on the centers of action in [Fig. 4c](#f4){ref-type="fig"}, that is, an index representative of the variable westerlies directly associated with changes in Norwegian Sea SST (not shown).

Poleward propagation of SST anomalies
-------------------------------------

Having established a potentially predictable relationship between northern climate and variable SST, we now objectively assess the propagation of SST anomalies along the NAC-NwAC pathway by a complex principal component (CPC) analysis[@b43]. To explicitly examine the propagation of decadal-interdecadal SST anomalies, multidecadal variability[@b5] is removed from the original SST time series before performing the CPC analysis (Methods section).

The leading mode of SST propagation explains 55% of the variance in the filtered data and 23% of the variance in the unfiltered data ([Fig. 5a--c](#f5){ref-type="fig"}; [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}). The propagating signal explains a large and significant fraction of the local variance throughout the NAC-NwAC pathway ([Table 1](#t1){ref-type="table"}). Anomalies travel through the subpolar North Atlantic and Nordic Seas with an average speed of 2 cm s^−1^ (∼600 km per year), which is in line with that previously inferred from hydrographic observations[@b9][@b11][@b13][@b14] and from the observed propagation of radioactive tracers[@b44][@b45]. The period from 1948 to 2012 consists of approximately five cycles with a phase propagation that is rather constant in time ([Fig. 5c](#f5){ref-type="fig"}), translating to a characteristic timescale of variability of 14 years, the same as the dominant spectral peak in subpolar North Atlantic/Nordic Seas SST ([Fig. 2c](#f2){ref-type="fig"}; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}) and Norwegian SAT ([Fig. 2d](#f2){ref-type="fig"}).

There is a long-standing debate about what ultimately forces decadal-scale climate variability in the ocean and the role that atmosphere-ocean coupling plays[@b23][@b24][@b46][@b47][@b48][@b49], including the 14-year cycle observed in subpolar North Atlantic and Nordic Seas SST[@b3][@b15][@b21][@b40] ([Fig. 2c](#f2){ref-type="fig"}; [Supplementary Fig. 2](#S1){ref-type="supplementary-material"}); this debate is not resolved here. The propagation and along-path characteristics of SST anomalies are nevertheless commonly understood to be governed by a combination of oceanic advection and local atmosphere-ocean interaction[@b9][@b19][@b20][@b22][@b50]. Atmospheric forcing can for instance influence the along-path modification of an SST anomaly through changes in the net poleward oceanic heat loss, either by changing the current speed or by changing the air-sea temperature gradient. Specifically, a northward strengthening of an anomaly (relative to the local mean; [Fig. 5a](#f5){ref-type="fig"}) can be explained by anomalously low surface heat loss or by an increased advection speed[@b9]. A detailed discussion on the along-path evolution and forcing (ocean and atmosphere) of individual temperature anomalies in the Nordic Seas is presented in refs [@b9], [@b50].

Large-scale atmospheric forcing can also generate coherent patterns of anomalous SST. Specifically related to the NAC-NwAC pathway, SST anomalies with opposite sign in the subpolar North Atlantic and Nordic Seas have been related to large-scale patterns of SLP and surface heat flux forcing typically associated with the NAO[@b20][@b22]. We do however not find such dipolar coherence to be characteristic of the spatiotemporal SST variability displayed in [Figs 2a](#f2){ref-type="fig"} and [5a](#f5){ref-type="fig"}. Regressing gridded SST on that of St7 shows that the dominant coherence is relatively local to St7 ([Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). Extending the analysis to unfiltered data and lagged co-variance reveals similar patterns of lagged (leading) correlations downstream (upstream) of stations exemplified by St3 and St7 ([Fig. 3](#f3){ref-type="fig"}). This is consistent with the above findings related to [Fig. 2](#f2){ref-type="fig"} and [Fig. 4](#f4){ref-type="fig"} that the co-variance of SST at St7 and Norwegian SAT is predominantly independent of NAO-like atmospheric circulation.

Salinity is a more conservative tracer of oceanic pathways than temperature. The temperature anomalies described herein are generally accompanied by salinity anomalies of the same sign[@b10][@b11][@b12][@b14][@b15][@b50] ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}), indicative of ocean circulation as the main conveyor of upper-ocean heat content anomalies. Adding to this is the aforementioned consistent propagation of radioactive tracers along the Atlantic water pathway from the eastern subpolar North Atlantic towards the Arctic[@b44][@b45]. Sub-surface salinity anomalies also have the same dominant interdecadal time scale as SST ([Supplementary Fig. 5](#S1){ref-type="supplementary-material"}). This spectral coherence on multi-annual time scales is unlikely to originate from local (stochastic) atmospheric forcing[@b51]. Ocean heat budget analysis furthermore show that upper-ocean heat content anomalies along the NAC and NwAC are predominantly controlled by ocean dynamics, although the relative importance of ocean dynamics and local atmospheric forcing (air-sea fluxes and Ekman heat transport convergences) depends on the data set and region considered[@b15][@b49][@b50][@b52]. We conclude that, although the signature of atmosphere-ocean interaction can also be found in SST anomalies along the NAC-NwAC pathway[@b9][@b22], our results suggest that the propagation of multi-annual SST anomalies presented here is rather of advective origin.

Climate predictability from ocean anomalies
-------------------------------------------

The closely related interdecadal variability of SST and surface climate over land, including the red SAT spectrum with a dominant timescale matching the ocean, is in line with the understanding that anomalous ocean heat imprints onto the atmosphere on these timescales[@b4][@b5][@b15][@b21]. There is also a significant and substantial lagged response in northern SAT to previous SST changes in the subpolar North Atlantic ([Fig. 4d](#f4){ref-type="fig"}), representing a predictive potential associated with the poleward propagation of SST anomalies. Peak correlations (*r*∼0.5) between Norwegian SAT and upstream SST at St2 and St3 are found when SST leads by 8 and 7 years, respectively, a time lag corresponding to the travel time of SST anomalies from St2-3 to the Norwegian Sea. In further support of a predictive skill from North Atlantic SST, observed Norwegian SAT shows strong covariability with the leading mode of propagation, when the latter leads by nine years ([Fig. 6a](#f6){ref-type="fig"}; a generic CPC time series is plotted with unit amplitude, and spatial and temporal phase as in [Fig. 5b,c](#f5){ref-type="fig"}).

As a relatively simple way of assessing the predictive potential of North Atlantic SST anomalies for northern climate, multiple linear regression models are constructed combining the SST time series in the southern subpolar North Atlantic (St1--3; [Fig. 1a](#f1){ref-type="fig"}). The predictands are observed annual SAT and precipitation in Norway (we recognize that they are strongly correlated), and winter Arctic sea ice extent in the Atlantic sector (as shown in [Fig. 2b](#f2){ref-type="fig"}). We also provide predictions for British temperature, represented by the central England temperature record[@b53] (CET). British climate is known to be influenced by the adjacent North Atlantic Ocean[@b54], and, as stated previously, CET shows interdecadal variability[@b41] with the same time scale as Norwegian SAT and North Atlantic/Nordic Seas SST. Although prediction skill is assessed for Norwegian and British climate specifically, results from climate models suggest that the predictive potential of ocean heat anomalies generally extends to other maritime-influenced areas downwind of the NAC-NwAC[@b26][@b27][@b30].

The predictions of Norwegian climate and Arctic sea ice are based on SST anomalies at St2 and St3, yielding a prediction horizon of 7 and 10 years, respectively, based on the travel time of anomalies. For CET predictions we use SST at the southernmost St1 which also gives a prediction horizon of 7 years, the lag corresponding to the peak correlation between CET and St1 (not shown). We consider the time period 1948--2013 (Methods section) resulting in retrospective and future predictions from 1955 to 2020 for Norwegian and British climate. For sea ice we consider the period after 1979 as this corresponds to the satellite-era when ample sea ice data coverage exists. As predictions are based on 5-year smoothed data, results should be interpreted as pentadal tendencies.

The retrospective predictions (hindcasts) of SAT and precipitation capture much of the observed variability ([Fig. 6a-c](#f6){ref-type="fig"}), and are more skillful than random chance and climatology models ([Table 2](#t2){ref-type="table"}; Methods). The skill of SAT predictions is higher than for precipitation, which is in line with results from climate models[@b28][@b33] and the important role of atmospheric circulation anomalies in controlling precipitation over Scandinavia[@b55]. The hindcasts underestimate the magnitude of variability (generic to linear regression), but the predicted sign of SAT and precipitation anomalies is correct 67 and 68% of the time, respectively, for Norway, and 66% for CET. The hindcast of winter Arctic sea ice extent ([Fig. 6d](#f6){ref-type="fig"}) shows significant skill, capturing, for example, the 2007 minimum and the subsequent recovery.

Predictions based on observed North Atlantic SST thus appear skillful. According to the above, we predict that the coming years (2017--2020) in Norway and Great Britain will be relatively warm with respect to the long-term (1981--2010) average, although Norwegian SAT (and precipitation) is predicted to decrease between 2017 and 2020. The future prediction of winter Arctic sea ice extent is a relatively low ice cover, but with a general increase between 2017 and 2020.

Discussion
==========

The observational time period considered is admittedly short to assess the predictive potential of North Atlantic SST on northern climate. However, multi-century climate model control simulations support an influence of poleward ocean heat anomalies on northern climate[@b17][@b15][@b30], implying that the predictive potential is not limited to recent decades. Our sea ice prediction is furthermore in agreement with recent model results predicting a rebound in winter sea ice extent as a result of decreased poleward heat transport[@b18].

The subpolar North Atlantic has been cooling recently ([Fig. 2a](#f2){ref-type="fig"}), a trend which is predicted to continue over the coming years[@b56]. Our predictions show decreasing Norwegian SAT towards 2020 as a result of this cooling (although still above the long-term mean). Because of the pentadal filter, predictions are not initialized after 2013 (Methods section). A further cooling of Norwegian SAT might therefore be expected beyond our prediction horizon.

The skill of the presented predictions, both quantitatively and qualitatively, offers compelling evidence that oceanic variability exerts a strong influence on northern climate on multi-annual timescales. Predictions of Norwegian SAT and winter Arctic sea ice extent show highest skill; predictions explaining 30 and 46%, respectively, of the total filtered variance. Other components of the climate system also provide potential decadal-scale predictability, including, for example, the cryosphere and the stratosphere[@b57]. By modulating the low-frequency ocean and climate variability these other sources of predictability could at times reduce the SST-based predictability identified herein. The most notable periods when the prediction model shows less skill in capturing SAT variations over Norway is the early 1970s and early 1990s. These two periods are characterized by a strong positive NAO ([Fig. 2b](#f2){ref-type="fig"}), which, as a result, could lead to more atmospherically driven variations in SAT and SST[@b9], not captured by the prediction model. The temperature in the Norwegian Sea in the early 1970s was also more influenced by an anomalous inflow of Arctic waters than by the poleward flow of Atlantic waters[@b58], suggesting a reduced connectivity between the subpolar North Atlantic and Nordic Seas, and, hence, maybe a reduced predictive influence of North Atlantic SST anomalies.

As noted earlier, skillful predictions of the NAO have not yet been achieved beyond seasonal to interannual time scales[@b8]. It has, however, previously been suggested that low-frequency variability in the NAO may lead to predictability of multidecadal fluctuations in northern hemisphere temperature through its influence on ocean circulation[@b29][@b34]. For the prediction horizon considered here (and longer, including the previously suggested 16-year lag[@b29]) predictions based on lagged regression of SAT on NAO show less skill compared with our hindcasts.

Skillful decadal climate prediction is essential for many societal applications and to fill the scientific gap that currently exists between the established fields of weather forecasting and projections of future climate change[@b33]. Here we have demonstrated skillful observation-based prediction of northwestern European and Arctic climate from upstream SST anomalies in the subpolar North Atlantic and their subsequent northward propagation. Our proposed prognostic framework provides an observationally based benchmark for dynamical prediction systems, and highlights the North Atlantic-Nordic Seas as a key provider of a predictable northern climate.

Methods
=======

Data and filtering
------------------

To assess the propagation of temperature anomalies in the northern North Atlantic and Nordic Seas we use Hadley Centre SST (HadISST[@b59]), which is provided on a 1° grid, and with a temporal resolution of 1 month. SST data are available since 1870, but are understood to be less reliable in the data-sparse periods before 1947 (refs [@b2], [@b60]). We thus mainly consider the time period 1948 to 2015 (note that predictions in [Fig. 6](#f6){ref-type="fig"} are based on data until 2016), when HadISST compares well to direct observations from, for example, the Norwegian Sea[@b61] ([Supplementary Fig. 6](#S1){ref-type="supplementary-material"}). Analysis is also presented for the full time series. Specifically, the power spectra for SST and SAT show the same dominant time scales ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}), the correlations between SST and SAT/precipitation remain significant ([Supplementary Tables 2--3](#S1){ref-type="supplementary-material"}), and the leading mode of propagation has similar characteristics ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}) when considering data between 1900 and 2015. There is nevertheless a noticeable difference in the propagation characteristics in the time period between ∼1920 and 1945, corresponding to a period with large data gaps[@b59]. The reduced data coverage also influences the covariance between SST and SAT/precipitation, which is substantially weaker during this period (see also ref. [@b60]). Predictions are therefore only based on data after 1948.

We consider winter-spring (December--May) SST as this reflects the upper-ocean heat content[@b13]. Results are not sensitive to the specific seasonal averaging; the correlation between winter (December--February) and winter-spring SST is *r*=0.97 for filtered data. HadISST is also used to calculate the winter sea ice extent for the Atlantic sector of the Arctic Ocean (90°W-90°E; 50--90°N), defined as the area with sea ice concentration of at least 15%. We consider the period after 1979, corresponding to the satellite-era when ample sea ice data coverage exists. Sea ice data from HadISST is in close agreement with data from the National Snow and Ice Data Center (NSIDC, USA) during this period[@b36].

Observed annual mean Norwegian SAT and precipitation between 1900 and 2015 were provided by the Norwegian Meteorological Institute (eklima.met.no). To assess variations in British temperature we use time series of annual central England temperature[@b53] (CET). We also use the CRU TS3.23 data set[@b62] (<http://www.cru.uea.ac.uk/cru/data>), which provides monthly mean land temperature and precipitation from 1901 to 2015 on a 0.5° grid, to further assess northwestern European climate variability. Atmospheric circulation anomalies are assessed using monthly mean SLP from HadSLP2r[@b63] (available on a 5° grid) and a station-based index of the NAO[@b1] (<https://climatedataguide.ucar.edu/climate-data>). Satellite-derived sea surface height (SSH) data between 1993 and 2010 were distributed by AVISO[@b64] (<http://www.aviso.altimetry.fr>).

To focus on multi-annual temperature anomalies and their impact on continental climate, we apply a third-order 5-year low-pass Butterworth filter to all time series. Correlations presented herein are also calculated based on unfiltered data ([Fig. 3](#f3){ref-type="fig"}; [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}; [Supplementary Table 2--3](#S1){ref-type="supplementary-material"}) and found to be robust. Data before 1948/1979 is used to avoid end-effects in the beginning of the filtered time series. The last three points of the filtered time series (2013--2015) are ignored. For the CPC analysis ([Fig. 5](#f5){ref-type="fig"}; [Supplementary Fig. 3](#S1){ref-type="supplementary-material"}) low frequency variability associated with the more basin-wide Atlantic Multidecadal Oscillation[@b5] is also removed from the original SST time series by applying an additional high-pass filter with a 40-year cut-off. The statistical significance of correlations from filtered time series is assessed according to a random phase test[@b65].

In [Fig. 4b,d](#f4){ref-type="fig"} SST variability at St3 and St7 associated with the NAO was removed by regressing the SST time series onto the NAO index; SST~−NAO~=SST−*α*NAO, where *α* is the regression coefficient. The resulting time series were thereafter low-pass filtered as described above. We note that there is no significant lagged relationship between SST and the NAO which could influence the regressions.

Regression model
----------------

Predictions of SAT, precipitation and sea ice are obtained from multiple linear regression models of the form: *y*~*i*~=*β*~0~+*β*~1~*x*~*i*,1~+...+*β*~*n*~*x*~*i*,*n*~+€~*i*~, where *y*~*i*~ is the predictand for each year *i*, *x*~*i*,*n*~ are the predictor variables (SST at *n* different locations), *β*~*n*~ are the regression coefficients, and €~*i*~ is the residual term. For Norwegian climate and Arctic sea ice *n*=2 (SST at St2 and St3), whereas for CET *n*=1 (SST at St1). The stations are strongly correlated by nature, but we include more than one station to better capture the poleward propagating SST anomalies. To remove multicollinearity between predictors the SST variability associated with St3 was removed from St2 by linear regression. The predictor time series are shifted in time based on the identified travel times of the anomalies. For Norwegian climate the best results are obtained when St2 and St3 lead by 8 and 7 years, respectively, whereas for CET St1 leads by 7 years. For Arctic sea ice extent St2 and St3 lead by 11 and 10 years, respectively. Predictions are based on 5-year low-pass filtered data and should therefore be interpreted as pentadal tendencies.

A cross-validation method[@b66] is applied to assess the statistical robustness of the regression models. Following ref. [@b67] (and references therein), prediction skill is assessed by first randomly selecting 80% of the data to construct the regression models (fitting period), which are thereafter used to predict the remaining 20% (prediction period). The random selection of data limits the serial correlation in the predictors resulting from the filtering of the time series. The correlation and root-mean-square error (RMSE) between observations and predictions are then calculated for both the fitting period and the prediction period. The skill of the prediction models is then compared with random chance (RC) and climatology (CL) models. The RC models are constructed by randomly shuffling the predictors, thus suppressing the relationship between the predictors and predictands. Because we consider filtered data, random chance models are also constructed using the spectral phase randomization method of ref. [@b65] (RCe). The CL models are simply the average value of the predictands during the fitting period. For significance testing a Monte Carlo method is applied where both the fitting period and the construction of RC and CL models are repeated 1,000 times. Mean correlations and RMSE are listed in [Table 2](#t2){ref-type="table"}. The significance, that is, whether the skill of the prediction models are significantly different from RC and CL models, is tested with a one-tailed Kolmogorov--Smirnov test, with a 95% confidence level. The term skillful herein thus describes a prediction with a higher skill score than that of both the RC and CL models.

FLEXPART
--------

Trajectories of air particles reaching southwestern Norway (59--63°N, 5--9°E) in the planetary boundary layer in December-February 1998--2008 were extracted from a global data set[@b68], made using the Lagrangian particle dispersion model FLEXPART[@b69] and ERA-Interim reanalysis data[@b70]. The mass shown in [Fig. 1b](#f1){ref-type="fig"} represents the distribution of the air during the last day before it reaches southwestern Norway.

Data availability
-----------------

The data that support the findings of this study are available from the corresponding author on request.
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![Dominant ocean and atmosphere circulation in the North Atlantic sector.\
(**a**) Climatological SST (colour) and major ocean surface currents (black arrows). Sea ice is indicated by the grey shading. The green squares represent the selected stations (St1--9) along the NAC-NwAC pathway. The boundary between the subtropical gyre (STG) and subpolar gyre (SPG) is indicated by the time-mean zero SSH contour (grey line). (**b**) Mean winds (925 hPa; arrows) and sea level pressure (black contours) between 1998--2008 from Era-Interim[@b70]. H/L indicates high/low-pressure centers. The maritime influence on Norwegian climate is highlighted by the distribution of air (shading) in the planetary boundary layer one day before the air reaches western Norway (white box; calculated using a Lagrangian trajectory model; Methods), indicating the moisture source for downwind rainfall.](ncomms15875-f1){#f1}

![Observed northern maritime climate.\
(**a**) Observed SST anomalies (°C) from the subpolar North Atlantic and Nordic Seas. Lagged correlations between low-passed and detrended time series are shown. (**b**) Time series of observed winter-spring Nordic Seas SST (St7), winter Arctic sea ice extent, annual Norwegian SAT and precipitation, and the annual NAO index. Correlations between low-pass filtered SST and other time series are given. In (**a**) and (**b**) thick lines show low-pass filtered data (Methods). All anomalies are relative to 1981--2010 climatology. (**c**--**e**) Power spectra, estimated by the maximum entropy method, for Nordic Seas SST (St7), Norwegian SAT, and the NAO index based on unfiltered data from 1948 to 2015. Thin solid lines are the theoretical red noise spectrum computed by fitting a first order autoregressive process with a 95% confidence interval (thin dashed lines) around the red noise.](ncomms15875-f2){#f2}

![Lagged SST covariability.\
Lagged correlation of unfiltered winter-spring SST anomalies (linearly detrended) at St3 (upper row) and St7 (lower row) with SST anomalies throughout the subpolar North Atlantic and Nordic Seas. SST at the selected station (red square) leads for positive values of the lag. Maximum co-variance (black contour line) back in time is typically upstream of a given station and future co-variance downstream, consistent with propagation of SST anomalies along the NAC-NwAC pathway.](ncomms15875-f3){#f3}

![Regional climate variability associated with variable SST.\
Zero-lag linear regression between low-pass filtered Norwegian Sea SST (St7; green square) and (**a**,**b**) annual SAT and (**c**) annual SLP for the period 1948 to 2012. (**d**) As in **b**, but for SST in the subpolar North Atlantic (St3; green square) leading SAT by 7 years. In **b** and **d** the NAO associated SST variability has been removed (Methods). Dots indicate correlations significant at the 95% confidence level according to a random phase test[@b65]. Regression patterns are similar for unfiltered data. Regression units are °C and hPa per std(SST) for SAT and SLP, respectively.](ncomms15875-f4){#f4}

![Poleward propagation of SST anomalies.\
(**a**) Temporal development of the leading mode of SST propagation (CPC\#1; 55% of variance explained). The dashed line indicates the boundary between the subpolar North Atlantic and Nordic Seas. (**b**) Spatial and (**c**) temporal phase of the leading mode of propagation. The spatial phase shows the propagation from south to north during one cycle (360°). The slope of the temporal phase gives the frequency; the dashed line corresponds to a constant 14-year cycle.](ncomms15875-f5){#f5}

![Predicted and observed climate.\
(**a**,**b**) Predicted and observed Norwegian annual SAT and precipitation, (**c**) central England temperature (CET), and (**d**) winter Arctic sea ice extent anomalies. Predictions are based on 5-year low-pass filtered SST in the subpolar North Atlantic (St1--3) between 1948 and 2013, with a prediction horizon of 7 years (**a**--**c**) and 10 years (**d**). Because of the pentadal filter, predictions are not initialized after 2013 (Methods section). Predictions for 2017--2020 are highlighted in the panels to the right. Green (red) squares indicate a correct (incorrect) prediction of the sign of observed climate anomalies. Correlations are based on detrended data. All anomalies are relative to 1981--2010 climatology. The black line in **a** shows the leading mode of SST propagation with unit amplitude and temporal phase obtained from [Fig. 5c](#f5){ref-type="fig"}.](ncomms15875-f6){#f6}

###### Explained variance by SST propagation.

  **Station**         **St1**   **St2**   **St3**   **St4**   **St5**   **St6**   **St7**   **St8**   **St9**
  ------------------- --------- --------- --------- --------- --------- --------- --------- --------- ---------
  *r*(CPC, SST~UF~)   0.48      0.53      0.63      0.53      0.39      0.40      0.55      0.48      *0.35*
  *r*(CPC, SST~LP~)   0.73      0.62      0.75      0.58      0.43      0.48      0.68      0.57      *0.43*

LP, 5-yr low-pass filter; SST, sea surface temperature; UF, unfiltered.

Correlation between the leading mode of propagation (CPC) and SST at the different stations. Listed correlations are significant at the 95% (90% for italic values) confidence level.

###### Summary of prediction skill assessment.

               **Norway**   **GB**   **Arctic**   
  ------------ ------------ -------- ------------ ------
  *r*          0.55         0.34     0.43         0.69
  *r*(fit)     0.55         0.34     0.43         0.90
  *r*(pred)    0.50         0.27     0.38         0.69
  *r*(RC)      0.17         0.16     0.10         0.13
  *r*(RCe)     0.35         0.17     0.18         0.37
  RMSE         0.47         65       0.35         108
  RMSE(fit)    0.47         65       0.34         106
  RMSE(pred)   0.49         *68*     0.35         116
  RMSE(RC)     0.55         68       0.38         234
  RMSE(RCe)    0.52         67       0.38         194
  RMSE(CL)     0.56         69       0.39         240

Correlation (*r*) and root mean square error (RMSE) between observed and predicted surface air temperature (SAT; in °C) in Norway and Great Britain (GB), precipitation (PP; in mm), and the winter Arctic sea ice extent (SIE; in 10^3^ km^2^). Fit: fitting period; Pred: prediction period; RC: random chance; RCe: random chance using spectral phase randomization[@b65]; CL: climatology model. See Methods section for a detailed description of the statistical model evaluation. Climatology models are, by definition, constant and, hence, *r*(CL) is not calculated. Predictions with error estimates not significantly greater/lower than those of the random chance or climatology models (one-tailed Kolmogorov--Smirnov test, 95% confidence level) are highlighted in italic.
